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SUMMARY 

A large number of tests have been performed with 
a rotating nozzle source of induction charged col- 
loid. 

The geometry has  been improved resulting in a n  
increase of the charge-to-mass ratio by one order 
of magnitude with respect to a previous program. 
Analytically, the ideal propellant has  been shown 
to have high viscosity, low density, low surface 
tension, low vapor pressure, and high conducti- 
vity. The experimental values of the system para- 
meters agreed conclusively with those predicted 
analytically. The search for a better propellant 
has  disclosed several promising avenues. Beam 
currents up to  1 .5  milliamperes have been ob- 
tained. The system has very promising applica- 
tion to high efficiency electrostatic thrustors . , 
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1. INTRODUCTION 

This is a report on the work accomplished a t  Cosmic, Inc.' during 
the period September 1963 to September 1964 on a charged colloid genera- 
ting system for electric propulsion. 

To travel long distances through space will require engines with a 
moderate consumption of propellants. One of the performance parameters 
utilized to describe propulsion systems is the specific impulse, which is 
defined as the ratio of the thrust to the weight of propellant consumed per 
second and is expressed in seconds. It is also known, on the other hand, 
that the production of a given thrust will require a higher amount of power 
for a high value of the specific impulse. We will define later on in  this re- 
port a parameter, the efficiency, representing the utilization of power. 

The most promising of the high specific impulse thrustors are  the 
electrostatic thrustors, the best known of which are the ion engines cur- 
rently in  the stage of advanced development. However, ion engines a l l  
exhibit the same characteristics, i, e. , their efficiency is lower for lower 
values of the specific impulse. In Figure 1, taken from Reference 1, the 
efficiency of various thrustors a s  a function of specific impulse is plotted. 

>- EXISTING ELECTRON- 
BOMBARDMENT THRUSTOR u z 

HUGHES CONTACT- 
IONIZATION THRUSTORS 

SPECIFIC IMPULSE, I, SEC 

Figure 1. Efficiency of Ion Engines (after Mickelsen and Kaufman) . 
- 1- 



This figure clearly shows that i n  the low specific impulse range, there is 
a need for thrustors capable of high efficiency. Engines using colloid 
particles , sometimes referred to as heavy particles , s e e m  capable of filling 
this need. Another limitation of the ion engine is that the current density 
in  a n  electrostatic accelerator is limited by space charge effects as ex- 
pressed by the Child-Langmuir law. Consequently, to reach high values 
of the thrust, a substantial emitting surface must be used to accomodate 
a large ion current. On the other hand, with colloid particles , the same 
thrust can be obtained by accelerating the particles to a high voltage. 
beam current is relatively low, thereby permitting a smaller emitting sur- 
face. 
suffice; a quantitative discussion is given in  Reference 2.  

The 

For the purposes of this introduction , these qualitative considerations 

The " prehistoric" space propulsion thinkers such as  Goddard and 
Oberth seem to have considered ions as the only possibility for electric 
propulsion. However , when electric propulsion became 'I legitimate" , the  
advantages of colloid particles , which have been mentioned above , be- 
came immediately apparent. Solid particles charged by contact (Reference 3) 
were first considered but were abandoned i n  view of the difficulties en- 
countered i n  charging them. Liquids or condensation sources were found 
more practical. The charged colloid sources currently under development 
are of two kinds, depending on whether the particles a re  charged by in- 
duction or by a corona discharge. 
liquid drop is formed at a n  edge or at the t ip  of a needle. 
conducting, it acts as one electrode of a system of two electrodes, the 
other being an accelerating electrode at a high potential with respect to 
the liquid. In this  manner, electric charges migrate through the conducting 
liquid to its surface, the surface of the liquid is submitted to an  electro- 
static pressure, and the droplet is eventually detached while keeping its 
surface electric charge. 
to condense into small solid or liquid particles within a n  area which is 
submitted to an intense electron bombardment. 

In the induction charging method, a 
If the liquid is 

In the corona charging system, a fluid is caused 

Numerous experiments have been made with liquid being charged 
by induction a t  the tip of hollow needles: the liquid moves through the 
body of the needle and forms cusps attached to the circular edge at the 
end of the needle. These experiments have proved that charging by in- 
duction is feasible and that reasonably narrow distributions of the charge- 
to-mass ratio of the liquid particles can be obtained. The results ob- 
tained for one needle and even the results obtained with a n  array of 37 
needles (Reference 4) correspond to very s m a l l  values of the beam current 
and of the thrust. In fact ,  experimenters with needles have limited them- 
selves  to explorations of the beam and measurements of the charge and 
charge-to-mass ratio of single particles and have not measured the overall 
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thrust produced by the colloid beam. Table I compares the results obtained 
by various experimenters in  the past year. 

In the system utilized at Cosmic, Inc. colloid particles are  pro- 
duced along the circumference of a spinning conical nozzle (Figure 2). 
In this manner, much higher values of the beam current and m a s s  flow are  
obtained, a substantial thrust can be measured, and full accountability of 
the  currents and m a s s  flows is possible. In a first effort (Reference 5 ) ,  
a charged colloid source was built at Cosmic, Inc. and preliminary ex- 
periments demonstrated that this source could produce charged colloid beams 
with substantial currents and thrusts. In a second effort, which will be 
reported herein, a new test facility has been built, and a better geometry 
has  made it possible to obtain a higher thrust and higher charge-to-mass 
ratio of the particles. In this report, we shall first describe the charged 
colloid source, the test station utilized for the experiments, and the 
theoretical investigations of system performance, then summarize the 
chemical investigation undertaken in the search for better propellants, 
and finally, present the experimental data and compare them with the re- 
su l t s  of the theoretical analysis. 

- 3- 
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Figure 2 .  Principle of Operation of the Spinning Nozzle Colloid Source. 
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2. DESCRIPTION OF THE EXPERIMENT 

The test facility consists of a propellant feed system, a rotating 
nozzle , a system of extracting and collecting electrodes, and instrumenta- 
tion. l 

j ected 

hese  w i l l  be described in turn in  this chapter, 

2 . 1  Principle of Operation of the Colloid Source 

In the colloid source s h w n  in  Figure 2 , the liquid is in- 
nto the center of a hollow rapidly rotating nozzle. Under the action 

of the centrifugal force, the liquid expands inside the nozzle to form a 
thin f i lm  which is subjected to the electric field as it reaches the edge of 
the nozzle. The liquid droplets are pulled off a s  shown in Figure 2 by the 
electric field applied by two electrodes: an extractor electrode and a 
collector electrode. Two configurations of extractor electrodes have been 
utilized successfully: one consisting of a d isc  positioned inside the beam 
(this is the configuration shown in Figure 2) and the other consisting of a 
ring surrounding the outside of the nozzle. The extractor and collector 
electrodes are a t  the same potential. The collector electrode serves pri- 
marily for the measurement of beam characteristics. In an actual space 
thrustor system, there would be no collector electrode and the beam would 
continue its course past  the extracting electrode and through a system of 
accelerating electrodes until neutralized. 

2 . 2  Propellant Feed System 

The propellant feed system is shmvn in Figure 3 .  It con- 
sists of a piston that is driven through a cylinder a t  a constant velocity 
by means of a synchronous motor. The piston is insulated so that it can 
be operated at  high voltage. The entire system is mounted on an  insulat- 
ing plate. By changing the synchronous motor, it is possible to vary the 
mass flow of a propellant having a density of 1000 kilograms per cubic 
meter a s  follows: 0.125,  0.25, 0.5, 1.5,  3 ,  7.5, 15, and 30 l o e 6  kg/sec. 
The cylinder is recharged from a reservoir. 

Great difficulties were encountered with air  bubbles in the 
early experiments, in which the cylinders used were ground precision 
glass  cylinders. Much better results were obtained with ordinary glass  
tubes. It is felt that ordinary glass  tubes have a smoother surface for the 
O-ring of the piston and therefore make a better sea l  than the ground glass 
cylinders. As can be seen in  Figure 4 ,  the propellant leaves the cylinder 
and flows into a stainless steel tube which passes through the center of 
a high voltage bushing and enters the vacuum enclosure. 

- 6- 
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Figure 3 .  Propellant Feed System 

Figure 4 .  Back Plate of Test Chamber with Nozzle Drive and High 
Voltage Bushing 
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2.3 The Nozzle and Its Drive 

Several nozzles are shown in  Figure 5 ,  and a nozzle 
assembled on the rotating shaft  is shown in Figure 6. The propellant de- 
livery tube ends in a chamber in  the back of the nozzle. 
the liquid flows through a number of holes to the conical chamber forming 
the front of the  nozzle, where it is expanded by the centrifugal force and 
forms a thin f i lm.  With a very low mass flow, the propellant entered the 
nozzle drop by drop, resulting in a lack of stability in  the mass flow in 
the beam. In the course of the program, this defect was corrected by 
bringing the end of the tube supplying the propellant to a position very 
close to the inside surface of the nozzle so that the end of the tube actually 
dips into the propellant contained in the back part of the nozzle. This 
resulted in  a steady flow of the propellant. Figure 6 shows the nozzle 
and its bearing block. The bearing block is mounted on four standoff in- 
sulators, and the connection of the nozzle shaft to the drive is by means 
of an  insulated coupling. This permits operation of the nozzle a t  high 
voltage. The motor drive and the magnetic passthrough are  attached to the 
base plate. The complete assembly of the rotating part: nozzle, bearing, 
block, coupling, magnetic feedthrough and driving motor is shown in 
Figure 7. This assembly is the same in principle as that developed under 
the previous program and described in  Reference 6. 
through that transmits the high rotating speed inside the vacuum chamber 
has ,  however, been precision balanced, permitting operation without 
vibration for short durations a t  18,000 rpm and continuously a t  10 , 000 rpm. 
For continuous operation a t  higher speed, additional cooling would be re- 
quired. The film flow inside the nozzle was analyzed during a previous in- 
vestigation (Reference 6).  A relationship was found between the m a s s  flow 
rh and the f i lm  thickness h ,  and the characteristics of the nozzle. 
ideal nozzle, which would consist of a cone of half angle a the relation 
is as follows: 

From this chamber, 

The magnetic pass- 

For an  

where r and w are the exit radius and angular velocity, respectively, of 
the nozzle and pm and v are the density and viscosity, respectively, of 
the propellant. 

2.4 The Extractor and Collector Electrodes 

I t  is anticipated that in  an actual thrustor a high accelerating 
voltage will be required. 
to the droplets directly, it will have to be applied in  several s tages ,  and 
it is convenient to call  the first stage the extractor electrode. In the 

Since this accelerating voltage cannot be applied 
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Figure 5.  Five Nozzles.  The nozzle in the upper left is the one utilized 
in  the performance mapping experiment. 

0 
Figure 6. 1 0  Nozzle,  Bearing Block, and Insulation Mounting. The 

nozzle is shown flush with a n  annular extractor. 
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Figure 7.  The Nozzle Drive Assembly. The high voltage feedthrough is 
shown on top, the pumping duct on the bottom. 

experiments undertaken here , which are aimed primarily at charging parti- 
cles and examining the  charging mechanism, this  f i rs t  s tage  alone is used. 
A s  mentioned earlier an  extractor and an accelerator are used. These two 
electrodes can be seen  clearly in Figure 6. 
utilized a re  shown in  Figure 8. 
smaller than that of the nozzle,  a torus with a n  inner diameter larger than 
that  of the nozzle, or a combination of both. A nozzle utilizing a mesh h a s  
also been used. 

Several types of extractors 
They consis t  of a d i s c  with a diameter 

2 . 5  Test Facility 

An overall view of the t e s t  facil i ty is shown in  Figure 9.  
The nozzle,  a s  well  as the collector and extractor electrodes are  located 
inside a vacuum chamber which cons is t s  of a g l a s s  cylinder 20 inches in  
diameter and 24 inches long. A plexiglass cylinder surrounds the g l a s s  
cylinder to  prevent accidental  breakage. The two end plates which close 
the cylinder are of s ta in less  s tee l .  The end plate  shown in  Figure 4 is 
connected to  the pumping system. The nozzle drive and the high voltage 
feedthrough are mounted on this  system. The other end plate is mounted 
on hinges so that the chamber can be opened conveniently for maintenance 
and cleaning. The extractor and collector electrodes , the balance,  and 
massenfilter are mounted on this  end plate. The extractor and collector 

I -10- 
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Figure 8. Several Extractors and One Collector. The triangular window 
on the right of the collector is for thrust measurements, the 
elongated window on the left for massenfilter analysis .  

~lectrortes m ~ ~ n t e c !  CE m ~ ~ r a b ! ~  s u p ~ ; ~ t s .  P~ZSZ ~iipp~fi-ts aie shcwii 
more clearly in Figure 10. 
sleeves which slide on metal rods. A rotary push-pull feedthrough is 
located in  the center of this end plate. 
it possible  to adjust  the collector and extractor electrodes independently 
from outside the vacuum chamber. 

The collector is mounted on four insulating 

The shaf t  of the feedthrough m a k e s  

The propellant feed system is mounted on an  insulating plexi- 
g l a s s  plate.  
an  angle of 2 45' with respect to the horizontal. 
keeping the system free of air bubbles. 
an  electrostatic generator of the type originally developed by Cosmic,  Inc. 
and described i n  Reference 7.  
current of 600 microamperes and a maximum voltage of 80 ,000  vol t s ,  and 
has  a practically negligible internal capacitance.  
t ance  means that the generator is not dangerous to the personnel operating 
i t  (no special  protection is needed) and that a discharge occurring in  the 
vacuum chamber will not result  in the re lease  of a large amount of energy. 
This generator is therefore a great help for operating del icate  instrumentation 
inside the vacuum chamber. A separate control console contains most of 
the instrumentation, the meters, and a recorder. It will be described i n  
the next section. 

This plate is so mounted on a rail that  i t  can  be inclined at 

The high voltage power supply is 
This feature helps i n  

This generator is capable of a maximum 

The low internal capaci- 
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Figure 9 .  Overall View of Test Facility 
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Figure 10.  Inside View of Vacuum Chamber 

2 . 6  Measuring Instruments 

The instruments used for t h e  measurements are shown in  
schematic form in Figure 11. 
the  instruments in  terms of the measurements which they accomplish. A s  
can be seen  i n  Figure 11 , the beam is accelerated toward the collector, 
and a portion of the beam is sampled through two small windows in the 
collector for thrust measurement and massenfilter analysis .  
measurements of beam current are  effected. 

For the sake of simplicity, we shal l  describe 

The following 

(a) Ground to  nozzle 
(b) Extractor to ground 
(c) Collector to ground 
(d) Thrust measuring target t o  ground 

The high voltage is measured by means of a voltage divider and is  con- 
s tant ly  recorded during the experiments. 
of a plate (target) mounted on a pivot point, as shown schematically in  
Figure 11 and by a photograph i n  Figure 1 2 .  
the thrust  of the colloid beam and the vertical  force due to  the accumulation 
of propellant result  in  a moment which is transmitted to  the electro-balance. 
The measurements are transmitted to the main control console (left in  
Figure 9) where they are recorded. 
to  a shaf t  in  such a manner that the thrust and the force resulting 

The thrust is measured by means 

The horizontal force due to  

The plate or target is attached 
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Figure 1 2 .  Thrust Measuring System. Showing the rectangular, thrust 
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from m a s s  accumulation on the target have the same moment with respect 
to the axis. In this manner, thrust and m a s s  accumulation are added in  the 
indication of the microbalance. The thrust is determined by the difference 
between the balance indication with the high voltage on and off. The ac- 
cumulation of propellant mass on the target may be indicated either by the 
slope of the balance output with the accelerating voltage on or by the 
total change in weight during a test divided by the t i m e  of the test (Figure 13). 

2 . 7  Massenfilter 

A massenfilter has been built in order to supplement the 
information provided by the thrust, current, and mass flow measurements. 
This instrument not previously described in  Reference 5,  will be explained 
here in  some detail.  The quadrupole massenfilter was originally developed 
and built (References 8 and 9) as a precision instrument to separate isotopes, 
and its detailed theory has  been given by its early developers. We shall  
summarize it here. The principle of the apparatus is that two particles of 
different charge-to-mass ratios will  follow the same trajectory in  a time-in- 
dependent electric field (assuming no initial velocity), but will do so with 
different velocities 
in  a time-varying electric field. The time-dependent field chosen here is 
a quadratic field defined by the potential function: 

Thus, the two particles will follow different trajectories 

2 - x )  
2 

2 
u (x, y, 2, t) = 1/2 (U0 + u1 cos 2 Tr f t)k 

d 

in  an  orthogonal system of coordinates. In this definition d is a constant, 
Uo a constant potential, and U1 the maximum amplitude of an  alternating 
potential of frequency f .  We shall show that such a field configuration 
can be obtained easily and that i t  is focusing along the z axis. 

The field given above can be produced by imposing the ap- 
propriate potential values on two hyperbolic aylinders y2 - x2 = constant, 

for instance the value 2 1/2 (yo + U1 cos 2 n f t )  on the cylinder 
2 y - x2 = - + d . To simplify the con- 

struction, one can replace the hyper- 
bolae by tangent cylinders having a 
radius equal to their radius of curvature, 
i. e. , d. This geometry would result i n  the 
desired field within a radius 2 d/3 (Ref .  
9) around the z axis ,  but taking the 
radius of the cylinders b = 1.16 d 
(Reference 10) gives an  even better 
f i t  of the quadratic field. 
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In the actual construction of the apparatus, cylinders of 
radius b = 1.1 d will be used, but in  the following calculations hyperbolae 
y2 - x2 = + d will be assumed. In these conditions the field is given by 
its coordiga tes : 

P 

= - (U0 + u1 cos 2 ll f t) ”2 
d Ex 

= (uo + u1 cos 2 TT f t) 5 
d EY 

and the equations of motion are obtained by equating force to acceleration 
t imes  mass :  

X - 9 = o  2 + (U0 + u cos 2 Tr f t) 
d2 m 1 

+ u cos 2 n f t ) Y 2  9 = 0 ii - (U0 
d m  1 .. 

2 = 0. 

For a particle of charge q/m which has  been accelerated by a potential 
difference V the third equation gives 

U1 9 
2 With a new variable T = n f t and with G = 

2 d m n 2  f 2  

x + G ( 2  - + Z c o s Z T )  UO x = O  
U1 

u1 
y - G ( 2  5 + 2 c o s 2 T ’ j  y = O .  

, we have: 

This system is now written in  the form of two Mathieu 
equations, each of which have two kinds of solutions: s table  or unstable 
depending on the two parameters U d U l  and G. If these parameters are 
chosen so that both equations have stable solutions, then the corresponding 
trajectories will be focused along the z axis. Nevertheless, s table  tra- 
jectories may still be intercepted by the quadrupole i f  they result  in  an  
amplitude in the x, y plane greater than d. To determine the amplitude of 
the oscil lations,  one needs to introduce in addition the initial conditions: 
xo, yo, ko, 9 . Conversely, i f  a trajectory is not stable the conditions 
may be such tgat a particle will not drift toward the rods of the quadru- 
pole but will reach the target located at  the other end of the  device. It is 
easy  enough to realize that a particle with initial conditions very close to 
~0 = yo = 0 and ko = +o = 0 will not be affected by the field, even if the 
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equations of motion show a n  unstable trajectory. N o  satisfactory solution 
of this problem has been found to date. 
German literature which are directed toward low energy ions. N o  satis-  
factory discussion is found applicable to the range of charge- and energy- 
to-mass ratios represented by the colloids, and therefore, pending further 
analysis,  the massenfilter should be used with caution as an instrument 
to evaluate charge-to-mass ratio distribution. 

Discussions are  found in  the 

In the following we shall  assume that the geometry of the 
massenfilter is such a s  to l i m i t  x , yo and & , 
the particles stay in the massenfiyter a suffigienay large number of cycles 
that the particle separation is determined by the stability and instability 
of the equations of motion. 
the Mathieu equations (Reference 11) may be represented in  a G,  U /U1 
diagram a s  follows: 

sufficiently and that 

The conditions of stability as derived from 

0 

U, 
u/m 1 c =  

0.7 v u  

The presentation of this stability diagram is different from that used by 
Paul (References 8 and 9) but is utilized here a s  it shows separately the 
parameters usually kept constant during a test (Uo/U1) and the variables 
U or f ,  

obtained and the corresponding particles will be collected by the target. 

The diagram shows that for a value of Uo/U < 0 , 1 6 7 8  there 
wi 4 1 be a range of q/m such that stable solutions of t k e equations will be 
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If it is desired that only a narrow band of q/m be accepted, then the value 
of U & J l  will be chosen close to @. 1678 and the value of q/m may be close 
to that corresponding to point P, i.e., maximum resolution. In this case 

2 2  
U 1  

= 13.93 2 d2 n2 1 q / m  = 0.706 
U 1  

The resolution may be calculated from the equations giving the upper and 
lower boundary of IT . The calculations are tedious and we  shall  simply 
transcribe Paul's results for the parameter of interest q/m: 

q/m = 0.75 

UO A d m  
1 -  

U1 0.1678 

U 
The resolution therefore depends only on 0 and not on d or f .  

U1  
The above calculations have assumed an  infinitely long quadrupole. 

In practice, the length L of the quadrupole will be determined by the num- 
ber of t i m e s  the particle will oscillate in the quadrupole. This is given by: 

f L  - 1/2 N = -  = f L ( Z 4  V) 
V m 

Introduction into the above equation of the value given earlier for q/m re- 
sul ts  i n  the elimination of f as follows: 

Again, no satisfactory investigations have been made, and judging from 
the technical literature it seems that N should be greater than 25 or even 
100. A rational choice is rendered difficult since previous investigators 
were concerned, a s  pointed out previously, with other types of particles 
and with acceleration voltage V lower than the quadrupole voltages U, 
and U1. 

Finally, reasonable l i m i t s  must be placed on the initial 
conditions. The entry window , which should be between 4 and - d in radius 
according to the technical literature, will l imi t  xo and y 
yo ,  these should be very small with respect to v,  for instance by two orders 
of magnitude. 
focusing effect of a constant field of magnitude Uo + U applied approxi- 
mately to the quadrupole with the defocusing effect of di e initial slopes 
k d v  and q0/v. The limitation of jCo and 9 can be enforced by proper 

10 A s  to ko and 
0' 

This last limitation can be estimated by comparing the 

0 
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orientation of the massenfilter to the beam. 
rotating nozzle than with a point source (needle), 

This is more difficult with the 

Figure 14 shows the forward end of the quadrupole. The rails  
are made of precision ground 303 stainless steel rods. 
made of aluminum for lightness. A flexible 304 stainless  steel bellows 
(Figure 10) i s  provided to permit orientation of the unit relative to the  colloid 
beam, The input voltage is connected to the rails  by means of a fabricated 
epoxy resin connector (Figure 15). 

The housing is 

The circuit shown in  Figure 16 was used to supply rail volt- 
age. This circuit is capable of providing a voltage U1 up to 2400 volts. 
As a first approximation the circuit was designed to provide continuous ad- 
justment over a frequency range of 100 cycles to 100 kilocycles, covering 
the bandwidth of charge-to-mass ratios of greatest interest. 

s / m  = 0.75 
A s / m  U, 

The resolution given by 

1 and Uo.=- U is 111. 6 1  

1 -  v 

0.1678 U1 
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Figure 14.  Massenfil ter Quadrupole. Input end with rail assembly partially 
pulled out.  

Figure 15 .  End Plate of Test Chamber with Adjustable Quadrupole. 
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3 .  THEORETICAL ANALYSIS OF SYSTEM PERFORMANCE 

In the charged colloid source considered here, i t  is possible to 
vary independently the propellant, the nozzle and electrode geometries, 
the m a s s  flow rate,  &, the nozzle's angular velocity, W, and the acceler- 
ating voltage, V. In order to predict the influence of such variations upon 
system performance, a theoretical investigation was carried out and is 
summarized in this section. This investigation generalizes results pre- 
viously obtained (Reference 5) and incorpcr a tes  the effects of the propellant's 
surface tension, y , capacitivity, c , kinematic viscosity, v , m a s s  
density, p 
(characterized by the distance,  L ,  between nozzle and extractor electrode) 
and shape (characterized by r/L, where r is the nozzle radius) of the 
nozzle-electrode configuration. 

and conductivity, 0 ,  as well as the effects of the size m'  

The system performance is characterized by the droplet charge-to- 
m a s s  ratio, q/m, and the current, I ,  thrust, F, exhaust velocity, v ,  and 
power, P ,  of the beam of charged droplets. In any electrostatic thrustor 
with particles of uniform charge-to-mass ratio, these quantities are re- 
lated by 

I = xi (q/m) 

P = r i  V (dm) 

Thus, in order to predict system performance, it is sufficient to predict 
the variation of q/m with controllable elements. To this end, we shall  
now derive a suitable analytic representation for the charge-to-mass ratio. 

Since the droplets are charged by induction, we have 
(surface charge density) (droplet surface area) 

(mass density) (droplet volume) 
(2) 

K1Q 
prn 

a 

where 
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a = characteristic size of droplet 

Q = surface charge density of droplet 

K1 = constant which depends on droplet shape (e. g. , 
K~ = 3 ,  for a spherical droplet) 

In order for the droplet to  remain intact ,  the cohesive s t ress  ( -  y /a )  must 
exceed the disruptive s t ress  (-a E , where E, is the electric field a t  the 
surface of the droplet) or, analyticahy , 

( 3 )  

where the constant K3 depends on droplet shape and is of order 1. 
a sphere, the conventional Rayleigh criterion corresponds to K = 4 ,  whereas,  
as  shown i n  Reference 1 2  , the value K3 = 1 is suggested by considerations 
of minimum energy). In the charged colloid source considered here,  the 
droplet s ize  is comparable to the f i lm  thickness,  h ,  provided the f i l m  is 
thin enough for Equation 3 to be satisfied: if the f i l m  is too thick, it disin- 
tegrates into smaller droplets for which Equation 3 is satisfied. 
take 

(For 

3 

Thus, we 

a = \ K 3  Y 

E s  

S 
K h < K  y / Q E  

2 3 

K h > K  y / Q E  
2 3 S 

where K2 is of order 1. Subsitution of (4) into (2) gives 

K,  Q [e P m  h 

\K3 P m  Y 

(5) 

The surface charge density, Q ,  is influenced by the propellant 
conductivity, 0 , and may be taken to be 

Q = e E [ 1 - exp (- CJ ~ / e )  1 ( 6) S 
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where T = characteristic t i m e  available for charging droplet 

c / o = characteristic t i m e  for charging (cf. Ref. 13). Since Q 
depends upon the ill-understood hydrodynamics of the f i lm instability, 
the actual situation is doubtless more complicated than Equation 6 sug- 
gests;  nevertheless, this representation appears to be a reasonable approxi- 
mation, provided T is chosen properly. Subsitution of (6) into (Z), (4) 
and (5) gives 

(7) 

1 K 2 h  
a =  

It is clear from Equation 9 that the droplet charge-to-mass ratio depends 
strongly upon the electric field, E,. In the present application, E, = E 
where Eo is the field at the nozzle edge, where the droplet is formed. %e 
field Eo serves both to charge and to accelerate the droplet and is influenced 
by space-charge effects , which we now discuss .  

It is clear that for any space-charge flow, the electric field, *Eo, 
at the source of charged particles decreases from the vacuum field, Eo , 
to zero a s  the current density, J, between the source and the accelerating 
electrode increases from zero to the  space-charge-limited current density,  
p. Moreover, this variation can conveniently be described in terms of 
the normalized field, eo, and the normalized current density, j , where 
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e E E,/E~* 

j =- J/J* 

0 

Thus, for example, for a space-charge flow of particles with charge-to- 
mass ratio,  q/m, passing between parallel plane electrodes separated by 
a distance,  s ,  and a potential difference, V,  

3 

where c0 = capacitivity of free space. 
(cf. R e f ,  5) that for this space-charge flow, eo and j are related by 

Moreover, it is readily shown 

The significant points here are that,  for any space-charge flow, i) the 
normalizing field, Eo*, and current density, J* , must, by dimensional 
analysis,  have the form 

Eo* = V/1 (14) 

1/2 v3/2 2 
J* = B c o  ( d m )  /1 

where 1 is a characteristic length of the electrode system (e. g .  , the 
electrode separation, for the parallel-plane geometry) and B is a dimension- 
less parameter dependent upon electrode geometry (e. g. , B = 4 J 2/9 for 
the parallel-plane geometry), ii) it is possible to establish a relation 
between eo and j and iii) this relation satisfies 

e ( j = O ) = l  

e ( j = l ) = O  

0 

0 

In particular, for the colloidal generating system considered here, such a 
relation exists and weak space-charge effects correspond to small cur- 
rents, i. e. , j < < l ,  and large space-charge effects correspond to large 
currents, i . e . ,  e << 1. 0 

For any geometry, solution of the purely electrostatic problem 
(J = 0) provides Eo* and thus 1 5 V/Eo*, while sol tion of !i 
l i m i t  problem (Eo = 0) provides J* and thus B E J* 1 / c o  ( d m )  
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Solution of the intermediate problem provides functions H and K such that 

Thus H and K are mutually inverse, monotonically decreasing functions from 
(0 , 1) to (0 , l ) .  For the parallel plane geometry, Equations 11 and 12 give 
1 = s and B = 4 J2/9, respectively, while Equation 13 gives H, which is 
shown in Figure 17 , along with its inverse , K. 

In deriving an analytic representation of the charge-to-mass ratio, 
we  shall  encounter equations of the form 

where a is a dimensionless parameter which depends upon controllable 
elements and n is a positive exponent which expresses the power-law 
dependence of charge-to-mass ratio upon electric field (i. e .  , q/m - E s Y .  
An equation of this form may be written a s  

-1 Z/n a =  e j 0 

In a more compact notation, we write 

where the functions fn,  n > 0 ,  are defined mathematically by 

O < x < l  (17) 

for any positive real number n, and any real argument x in  (0 , 1). We note 
that ,  for all n, f is a smooth monotonically decreasing function from ( 0 , l )  
to (0,m) with f Po) = 
invert the next-to-last equation to obtain 

, fn (1) = 0. Consequently, i t  is meaningful to n 

where the inverse functions g,, n > 0 ,  are defined mathematically by 
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Figure 17.  The Functions j = H (e ) and eo = K (j) , Relating 
Dimensionless Source yield , eo , and Dimension- 
less Current Density, j ,  for Space Charge Flow 
Between Parallel Planes 

for any positive real number n ,  and any real argument x. We note that,  for 
all  n ,  g is a monotonically decreasing function from (0 ,  a) to (0, 1) with 
gn (0) =?I, gn ( a) = 0. Moreover, we have, for n > 0 , 

x < < I  

X > > l  

Figure 18 shows the function g 
must be emphasized that the parameters 1 and B and the functions H ,  K ,  
f n ,  g depend upon geometry (cf. Ref .  14) , e. g. , upon the ratio of inner 
to ouper radii for concentric spheres or coaxial cylinders and upon para- 
meters such as  r/L in the charged colloid source considered here. 

(x) for the parallel plane geometry. It 1 
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For the geometry considered in  the present application, no solution 
of the purely eldctrostatic problem , let alone the space-charge problem , 
exists. Hence , we introduce a parameter K4 , defined by 

m *  
=Lo 

K4 V/L 

where, it will be recalled, L is the distance between the nozzle and the 
extractor electrode, The sharpness of the nozzle 's  edge guarantees that 
K4 > > 1. By (14) , (21) is equivalent to 

l = L  - < < L  
K4 

Combination of (10) and ( 2 0  gives 
K4 V 

e - - 
EO L 0 

Substitution of (23) into (9) gives 
A 

eo r 
e 2 r  

q/m = 
3 

0 

where 

C1 = K K / K  1 4 2  

C33= K K 3 /K3 
1 4  

3 

Since K1, K , and K are  of order 1, it follows that C1 - C3 3 K > > 1. 
2 3 4 
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The desired analytic representation of the droplet charge-to-mass 
ratio now follows directly. From (1) , the  current density, J, of the beam 
is 

where A = emissive area 

Moreover, from (15) and (23, 

Equations 10 ,  30 and 3 1 then give 

Therefore, by (24) 

It follows from (16) and (17) that 

e s r  

Ll = f3 (eo) e * r  
1 = f l  ‘eo) 0 

0 

These relations may be inverted, by (18) , to  give 
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or alternatively , 

In these and subsequent expressions, f l  (r ) and f3 (r ) are defined to be 
zero, for r > 1. 

Substitution of (38) into (24) gives 
h 

(S/m)1 g1 ( A )  x > A *  5 f l  (r) 

<x* E f l  (r) 
(3  9) s / m =  { (S /ml3  A cg3 (1 1/3Jr 2/3)13 

We recall that the f i lm  thickness, h ,  is given (Ref.  6) by 

where D is of order 1. 
D = (2 n/3) s in  K). The emissive area is 

(For a conical nozzle of semi-vertex angle a, 

A = 2 n  r h  (4 1) 

I 
I 
I 
I 
I 
I 
I 
I 
1 

Substitution of (40) and (41) into (25) , (26) , (29) I (34) , and (35) gives 

(43) 
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c L =  

Thus, Equation 39, supplemented by Equations 42 through 46, is the 
desired analytic representation of the droplet charge-to-mass a s  a function 
of controllable elements. 

The derivation presented above reflects the fact that droplets may 
be formed by either of two modes, v iz . ,  i) extraction, wherein droplets 
have a characteristic s ize  of roughly the f i lm thickness a t  the edge of the 
nozzle, and ii) disintegration, wherein, because the f i l m  is relatively 
thick,  droplets have a characteristic s i ze  dictated by a Rayleigh-like 
stabil i ty criterion. From Equation 39, the extraction (E) and disintegration 
(D) modes correspond to 'x greater and less than f (r ) , respectively. (It 
should be noted that the results presented in  Ref .  5 correspond precisely 
to those presented above for the extraction mode: the parameter h I' intro- 
duced above was designated h z "  in Ref .  5). Before discussing more 
general performance trends predicted by Equation 39, it is profitable to 
consider the limiting cases  corresponding to strong and weak space-charge 
effects,  respectively. 

I t  is clear ,  from (20) and (37) I that in 
l i m i t  (eo < < 11, 

-1 r x  
2/3 - 1/3 p = r  

Substitution of (47) into (39) gives 

E 

the strong space-charge 

mode, X > >  1 

(47) 
D mode, p > > 1 

E mode 

D mode 

Substitution of (42), (43), (44), (46) into (48) shows that i n  both the D and 
E modes, the charge-to-mass ratio in  the strong space-charge l i m i t  assumes 
a common value,  (q/m)* , given by 

2 2 -2/3 &3 .-4/3 -4/3 
W 

1 0 / 3  P m  
q/m = (q/m)* = (2 T T B  K4 ) D 
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I 
Substitution of (49) into (1) furnishes the other performance characteristics 
in  the strong space-charge l i m i t  as 

I' 
I 

In the weak space-charge l i m i t ,  the performance is different in  the two I 
I 

modes. In the extraction mode (corresponding, by (20), to sufficiently 
s m a l l  X ) ,  combination of ( l ) ,  (39) and (42) gives 

h 
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h A 

P = p1 E ni v (q/m)l 

1/3 g o  V 2 .2 /3  2/3 (57) 
= CID m C 1 - exp (- 0 7 / 4 1  

7 3  L 

In the disintegration mode (corresponding by (20) to sufficiently 
s m a l l  p) combination of (1) , (39),  and (43) gives,  i n  the weak space- 
charge l i m i t ,  

(4 3) 

2 A 
A 

I = I  3 T ; z ( q / m ) 3 = ~ 3  e 0 v3 rh ( p  y ) - l  E 1  -exp (- U T / € )  ] (58) 3 m 
L 3  

(59) 

L 

-35- 



2 4  -1 2 A 
A 

P = P 3 ' k V ( q / m ) 3  = h ( p  y )  [ 1 - e x p ( - a 1 - / c ) ]  (61) 
m 

The results derived above demonstrate that the space-charge be- 
havior of the system is dictated by two dimensionless parameters X and 
p or,  equivalently, X and r . (An analogous result in fluid mechanics 
s ta tes  that the behavior of a wide class of flows is dictated by the Mach 
number and Reynolds number.) The effects of varying controllable ele- 
ments may conveniently and instructively be represented geometrically 
in the X - r plane. However, we shall here defer such geometric inter- 
pretations and consider the influence of rh, U) , V and propellant properties 
p m ,  y , v , and u upon charge-to-mass ratio. Analogous results are 
readily derived for beam current, thrust, exhaust velocity and power. We 
do not consider variations in (r/L) since the solution (and thus B ,  f l  , g l ,  

we do not consider variations in  L ,  since variation in  s ize  alone is 
operationally uninteresting. In this discussion, we ignore the character- 
i s t i c  t i m e ,  T ; more accurately, we ignore the implicit dependence of 7 

upon rh , w , and propellant. 

etc.) of the space-charge problem depends upon (r/L) . Likewise, g3' 

We consider first the influence of voltage upon charge-to-mass 
ratio. Since r - V - l  and f l  is a decreasing function, f l  (r ) vanishes for 
sufficiently small V and then increases steadily. Conversely X - V-', 
and X decreases steadily for increasing V, Consequently, the system 
operates i n  the E mode ( X > f l  (I? ) 
the  D mode for larger V. In the E mode, (q/m)l - V while e 
with increasing V ,  since X - V- . Thus q/m ( d m )  e is an increasing 
function of V in the E mode. In the D mode, (q/m), - V! and e is inde- 
pendent of V since p is independent of V. Thus q/m = (q/m), e:3 is an 
increasing ( 
to-mass ratio is a n  increasing function of V ,  for all V. The transition, if 
any, to strong space-charge effects is determined by the values of the other 
parameters being held constant while V is varied. 

) ,-for sufficiently s m a l l  V and in  
a lso increases 2 0 

V3) function of V in the D mode also.  In summary, the charge- 

Completely analogous considerations shows that a s  rh alone is 
varied, the system operates in the E mode for sufficiently s m a l l  and large 
rh, and in the D mode for some intermediate range of I%, i f  a t  all. Likewise 
q/m is  a steadily decreasing function of rh, for a l l  rh, in both the E and D 
modes. Similarly, a s  u, alone is varied, the system operates in the D mode 
for sufficiently small w and in the E mode for all larger w . In the D 
mode, q/m is a decreasing function of u, . In the E mode, q/m may 
possibly increase with w in  some intermediate ranges but ultimately de- 
creases with UJ for a l l  sufficiently large w .  Strong space-charge effects 
necessarily occur for sufficiently large rh or w . 
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The effects of varying a single propellant property are determined 
similarly. The system operates in  the D and E modes for sufficiently small 
and large p m, respectively. Charge-to-mass ratio is a steadily decreas- 
ing function of p for al l  p . The transition, i f  any, to strong space- m' 
charge effects, is determined Ey the other parameters. The influence of 
y upon q / m  is the same a s  that of p 
finite l imi t ,  rather than zero, for sufgciently large y . The system operates 
i n  the E and D modes for sufficiently sma l l  and large V ,  respectively. 
In the E mode, q/m is an increasing function of v for sufficiently small 
v but may be decreasing for some range of larger L, . In the D mode, q/m 
is a steadily increasing function of v . Strong space-charge effects 
necessarily occur for sufficiently small v . Finally, the system operates 
in the E mode for a t  l eas t  sufficiently small 0 and in  t h e  D mode, i f  a t  
a l l ,  only for a l l  larger values of 0 . In both the E and D modes, q / m  is 
a steadily increasing function of u , and approaches a finite limit for 
sufficiently large 0 . The transition, i f  any, to strong space-charge 
effects is determined by the other parameters held constant while 0 is 
varied. 

, except that q/m approaches a 
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.. , 

CHEMICAL INVESTIGATIONS 

The p edicted influence of propellant upon system performance has  
been couched in terms of such macroscopic properties a s  density, surface 
tension, viscosity, and conductivity. By means of the theory presented in  
the preceding section, it is possible to prescribe desirable combinations 
of such properties. In order to qualify as a propellant, a substance must 
also meet compatibility requirements such as stability, a sufficiently low 
vapor pressure, and the ability to wet metal surfaces. Since a l l  these re- 
quirements are described macroscopically, rather than structurally, the 
search for a satisfactory propellant remains essentially empirical and must 
be guided by fundamental principles of chemical structure. To this end, 
a chemical investigation was carried out , aimed at systematically varying 
the composition of certain organic solutions and evaluating their potential 
a s  propellants. 
section. 

The results of this investigation are summarized in  this 

The requirement of low vapor pressure ( < mm/Hg) is satisfied 
by numerous organic solvents. The further restrictions of low resistivity 
and high stability severely l i m i t  the number of solvents which may be used. 
Under the general term stability we include: 

(a) absence of chemical reaction between solvent and 
solute 

(b) stability upon storage 

(c) stability towards charging 

(d) absence of tendency towards chemical disproportionation , 
polymerization or oxidative decomposition. 

Since vapor pressure is related to intermolecular association and molecular 
weight, the solvents of choice are those with molecular weight in the range 
of 300 to 1500. Polymolecular association results from hydrogen bonding, 
the strength of which may range from 2 to 20 kcal/mole. Therefore, poly- 
hydroxy solvents are of particular interest. Generally polar solvents will 
be associated intramolecularly due to short range electrostatic attraction, 
dispersion forces and miscellaneous non-saturative complexation phenomena. 
The ability of a solvent to dissolve an organic solute requires (among other 
things) the presence of polar groups within the solvent. Thus, solvents con- 
taining ester , oxide, carbonyl, si lyl  and ether functional groups have 
proven useful. 
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In order to decrease the resistivity of suitable solvents, a number 
of solutes were investigated. The effect of solute upon resistivity of the 
pure solvent is presented in  Table 11. The main c lasses  of solutes used 
were: 

(a) ionic sa l t s  which would be partially dissociated in 
solution 

(b) covalent sa l t s  which might polarize the solvent mole- 
cules 

(c) organic and inorganic acids 

(d) Lewis acids 

(e) organic and inorganic bases  

(0 compounds with large quenching cross-sections for 
electrons. 

Consistent decreases in the resistivity of octoil and dibutyl phthalate were 
obtained by addition of tetra-n-butyl ammonium picrate (TNBAP) to  the pure 
solvent. Since the resistivity was observed to be a decreasing function 
of the percentage of TNBAP and the limiting factor in  this  system was the 
solubility of TNBAP in the solvent, w e  examined other quaternary ammonium 
sa l t s  related to TNW. Although Riton A (benzyltrimethyl ammonium 
methoxide) and Triton B (benzyltrimethyl ammonium hydroxide) gave solutions 
in octoil which had very low resistivity, the instability of these materials 
eliminated them as  useful solutes. Furthermore, Mton  B proved to  be too 
highly hygroscopic. Undoubtedly, other quaternary picrates , benzoates or 
phenols might give more highly conducting solutions and yet not possess  
the undesirable properties of Triton B and tetra-methylammonium hydroxide. 
Investigation of such materials is contemplated. 

Reference to Table I11 reveals that the Lewis acid aluminum chloride 
in combination with oxygenated solvents yields solutions of diminished 
resistivity. This may be a consequence of equilibria involving: 

8AlC1 Q 

R - X  - R + A1Cl3 
c) 

R - X - R  
6 

in  which X = carbonyl , ester , nitryle , ether , amine. Such charge aggregates 
would increase the conductivity of the solution. Reduced resistivity with 
zinc chloride, antimony trichloride and aluminum bromide may be ascribed 
to a similar effect. Boron trifluoride should also be used and will be in a 
future study. 
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Addition of organic acids  and bases to solvents leads to a higher 
ionicity of the solution and thus greater conductivity. One inherent 
limiting factor in  the  application of these substances is their great chemical 
reactivity. Sulfuric acid,  for example, greatly decreases the resist ivity 
of glycerol but causes  acid-catalyzed decomposition (dehydration, poly- 
merization, etc.) . In order to eliminate this difficulty, somewhat weaker 
organic acids  have been used. Thus, polyphosphoric acid alone shows 
excellent conducting properties. Also, it apparently does not have an 
adverse effect upon solvents i n  which it is soluble. Among the covalent 
inorganic salts lithium iodide deserves especial  attention. Very low 
resist ivity has  been observed for various solutions containing this solute. 
Thus, the resist ivity of PG 1200 is reduced by 4 orders of magnitude by 
addition of lithiam iodide to  make a satclrated solution. 

'I'etracyanoethylene and tetracyamquinone, compounds which might 
be expected to capture electrons, proved unsaitabie due to low solubility 
and instability. A "polyelectrolyte" of undisclosed chemical composition 
supplied by J. Ferrante, Lewis Research Center, NASA, showed good con- 
ductivity but underwent polymerization fairly readily. 
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5. TESTS OF PROPELLANTS AND GEOMETRIES 

The tes ts  accomplished were of two kinds: First a large number of 
tests were run with various propellants and various geometries to attempt 
to select the best  propellant and optimize geometry. These tests will be 
reported here, Later in  Chapter VI, the results of systematic tests with one 
propellant and one geometry will be reported. 

5 . 1  Test Procedure 

The test procedure will appear clearly from a description 
of a typical test  which follows: 

The propellant which has  been vacuum refluxed is stored in 
a syringe which is connected to the propellant feed system. The propellant 
is loaded in the cylinder of the propellant feed system by the movement of 
the piston in the cylinder. At the end of the stroke, the connection from 
the syringe is closed by a stopcock, the connection from the cylinder to the 
propellant feed tube is open, and the direction of rotation of the synchronous 
motor is reversed. 
is measured by means of a strobotac. The system is then operated with the 
high voltage off until about one-fourth of the propellant in the cylinder has  
been supplied to the nozzle. This period is required so as to obtain a uni- 
form flow of the propellant to the edge of the nozzle. Once a steady flow 
is assumed to have taken place,  the high voltage is switched on and from 
then on the propellant flows through the extractor to the collector, and then 
drips into a collecting pan. The operator can adjust the position of the ex- 
tractor and t h e  collector so as to obtain the desired focusing of the beam 
which is necessary so that a substantial portion of the beam goes through 
the windows in the collector plate. Furthermore, the operator can monitor 
separately the extractor, collector, and target current a s  well a s  the total 
current. In case the total current is not matched within 10% by the total 
of the currents that are  monitored within the vacuum chamber, a leakage 
path from a part of the high voltage has to be found. This is caused, for 
instance,  by a soiled insulating part inside or outside the vacuum chamber 
or by corona outside the vacuum chamber. An extractor current indicates 
beam interception by the extractor, which is not desired and the operator 
m a y  move the extractor until the extractor current is reduced to a minimum. 
The two-channel recorder is utilized to monitor the indications of the Cahn 
balance and another variable which often is the voltage. Reading of the 
thrust or mass flow is accomplished as indicated in  a previous chapter by 
measuring the difference between no accelerating voltage and full  accelerat- 
ing voltage on the Cahn balance. 
electrostatic generator from "on" to 'I standby" . 
the measurements shown in Figure 11. 

The nozzle is then rotated and its rotating speed 

This is accomplished by switching the 
This procedure allows a l l  
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From the quantities measured, one can calculate the two figures 
of mos t  immediate interest: the average charge-to-mass ratio q/m = I/rh 
and the efficiency defined as the ratio of the power of an ideal engine 
of s a m e  thrust and m a s s  flow to the  actual beam power. The power is 
assumed here to be the product of beam current and accelerating voltage. 
Under these conditions the efficiency is given by 

2 
q = F (2 VI&))-' 

A nomogram (Figure 19) has  been devised to facilitate the calculation. 

5 .2  Tests with Liquid Metals 

Since it has been recognized that a higher conductivity 
liquid is desirable as a propellant, liquid metals immediately appear at- 
tractive. One of the difficulties is  of course,  that they have to be main- 
tained at a high temperature. The tests were run with an older test facility 
which was described in Reference 6 and is similar to the tes t  facility des- 
cribed in this report except that  i t  features a vertical disposition instead 
of a horizontal orientation of the beam. 
a eutectic alloy of bismuth, lead, t in,  and cadmium. This alloy m e l t s  at 
117OF and a temperature of 1 5O0F was maintained in the propellant feed 
system by means of a heat blower. The nozzle was heated by means of 
several  lights located inside the vacuum chamber. Similar tests were run 
with gallium, a pure metal which melts at 95OF. The results of these t e s t s  
were disappointing inasmuch a s  i t  was extremely difficult to obtain more 
than a few microamperes of beam current. As these poor results did not 
s e e m  compatible with the good conductivity of the m e t a l ,  the lack of 
wetability of the nozzle material by the liquid me ta l  was incriminated. 
Tentatively, the explanation for the  poor results is that the metal rolls 
in  droplets on the surface of the nozzle and that the electrical contact 
between the nozzle and the droplet is not sufficient to insure conduction 
of electric charges and charging of the droplet. To verify this hypothesis, 
a t e s t  was accomplished in which liquid meta l  was utilized to make contact 
between two electrodes. I t  was found that a rod dipped into a liquid metal 
made  a perfect electrical contact with the liquid metal in the air but not 
so in  a vacuum. 
with liquid metals, in  particular gallium. 

Tests were first run with Cerro 117, 

In view of this i t  was decided to attempt to wet the nozzle 

Nozzles covered with copper, then tin were used. The at- 
tempts to coat the tin nozzle with gallium were unsuccessful with various 
fluxes, finally even coating in  an inert atmosphere failed. 
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5.3 Tests With Orsanic Propellants 

Figures 20 to 24 show tests accomplished with the propellants 
which were determined to be the most promising by virtue of their resistivity 
and vapor pressure. In accomplishing the tests, the voltage is raised step 
by s tep with data a t  every step until discharges occur in the vacuum chamber 
or the generator current capacity is reached. It can be seen from the curves 
that Octoil and Dibutylphthalate with TNBAP were the m o s t  successful pro- 
pellants. Octoil + TNBAP proved to be the better propellant in  that its per- 
formance was consistent in  test after test: the Dibutylphthalate was erratic 
and for this reason, Octoil plus TNBAP was selected for the performance 
mapping experiments described in  a later chapter. 

Each experiment lasted between five minutes and one hour, 
depending upon the mass flow. 
system which can only deliver one cylinder load at a t i m e .  
utilized during a test collects on  the collector electrode in the form of a 
dark, viscuous liquid, and then drips to the bot tom of the vacuum chamber. 
With a continuous feed system and an adequate method of collecting the 
used propellant there s e e m s  to be no obstacle to the system operating for a 
number of hours. N o  wear of the nozzle or of the extractor was noticeable. 
On the other hand, the collector appears tarnished and etched. 

The limiting factor was the propellant feed 
The Octoil 

The most important conclusions to be drawn from the experi- 
ments i n  which geometric factors were varied are  that the system performance 
with the 10' nozzle is slightly better than with the other nozzles and that 
the external or ring extractor results in  a charge-to-mass ratio double that 
obtained with the center extractor. 

With Octoil + TNBAP a charge-to-mass ratio a s  high a s  180 
coul/kg was often obtained and charge-to-mass ratios higher than 100 
coul/kg were consistently obtained. 
thrust measurements was most consistently between 65% and 90%. 

The efficiency calculated from the 

5.4 Tests With Polyphosphoric Acid 

Polyphosphoric Acid, Hg PO4 X P 2 0  , has a vapor pressure 

tried to date. The acid has  one major disadvantage in  that it attacks al- 
uminum. New collector and ex tractor electrodes of stainless steel were 
made and a plate to prevent splashing back of the nozzle was installed be- 
tween the nozzle and the nozzle support (Figure 7). The test results are 
shown on Figures 25 and 26 and seem to indicate a charge-to-mass ratio of 
the order of 500 coul/kg, however, this data is not confirmed by thrust 
measurements and the efficiency is unknown. Difficulties were encountered 

compatible with the system and a lower resistivity 3 han any other propellant 
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Figure 24. Average Charge-to-Mass Ratio ( q / m ) ,  Total 
Thrust per Mass Flow ( F d n i )  and Efficiency 
(7) vs.  Accelerating Voltage 
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during the tests for the reason that the polyphosphoric acid is very hygroscopic 
and tends to decompose and release P205. 

5 . 5  Tests with Massenfilter 

As  pointed out earlier, it is difficult to determine what is 
the effect of the massenfilter orientation with respect to the beam. 
method utilized here consisted of aiming the quadrupole with the rail 
voltage off so a s  to maximize the current on the target. 
obtained was maintained during the test. 
on Figure 27 and shows a peak of charge-to-mass ratio a t  80 coul/kg. I t  
is felt that this curve should be interpreted with caution, s ince it is not con- 
firmed by thrust measurements. 

The 

The orientation so 
A typical curve obtained is shown 
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6. RESULTS AND INTERPRETATION OF PERFORMANCE MAPPING 
EXPERI M EN TS 

I 
I 
I 
I 
I 

In order to provide the systematic data required for empirical determina- 
tion of trends and for theoretical interpretation, a ser ies  of performance 
mapping experiments was carried out. In these experiments, the propellant 
and geometry were kept fixed and the mass flow rate,  nozzle rotating speed, 
and voltage were varied. The propellant was  Octoil with 4% TNBAP. The 
geometry corresponded to  a 10' aluminum nozzle with the optimal annular 
extractor electrode located 1 c m  from the nozzle and the collector electrode 
located some 6 c m  in front of the nozzle. 
15 x 
voltages between roughly 20 and 40 kilovolts were used. Standard instru- 
mentation as described above was employed to monitor the controlled vari- 

current, I an 3 target thrust, Ft. Because of difficulties i n  obtaining 
ables (i. e. , 

t ,  reliable direct measurements of the target m a s s  flow, rh 

Mass  flow rates of 0.5,  3,  
kg/sec, rotating speeds of 1, 5, 1 2  x 10 3 rpm, and a range of 

, w , V) and to measure collector current, IC, target 

this quantity was  
taken to be It/Ic) AT. 

t '  

I With this propellant and geometry, we have 

Y = 2.7 x kg/sec 2 

-12  
6 = € = 8.85 x 10 farad/m 0 

2 3 
= 9.8 x 10 kg/m Pm 

o = 5 x 10 mho/m 

L = 10 m 

-4 

-2  

r/L = 4.29 

2 
Therefore, with units for rh, w and V of kg/sec, 1.05 x 10 rad/sec 
(= l o 3  rpm), and 10 4 volts,  respectively, we  have, from Section 3,  above 

.2/3 2/3 1/3 I1 = 7.9 x 10-l' v m w I: 1 - exp (- ~ T / c )  1 c1 D a m p  

- 6  * 5 / 6  1/3 1/2 1/3 1/2 
F1 = 4.0  x 1 0  V m  u) [1 - exp (- o ~ / 6 ) 1  (CID ) N 

-12 3 
= 3 . 0 ~ 1 0  V m I3 

2 3 
amp C 1 - exp (- O T / C )  1 c3 

I 
I 

I 
I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
i 

-7 2 3/2 
3 F = 2 . 4 x 1 0  V m  C1 -em ( - o T / c )  1 c 3 

-7 3 *-1/3 -4/3 2 2 -2/3 
u) (B K4 D a m p  I* = 1 . 1 ~ 1 0  V m 

-5 2 *1/3 -2/3 
F* = 4 . 6 ~  10 V m W 

4 
X = 5 . 8 ~ 1 0  -3 V -2 m ' w 2 [l - e x p  ( - a ~ / s ) ]  ClD/BK4 2 

1/3 3 1/2 'I2 (CID /C3 r = 1 . 5 ~ 1 0  V m w c 1 - exp (- (JT/E)I- -1 *-1/6 1/3 

X = 5 . 8 ~ 1 0  -3 V -2 m ' w 2 [l - e x p  ( - a ~ / s ) ]  ClD/BK4 2 

1/3 3 1/2 'I2 (CID /C3 r = 1 . 5 ~ 1 0  V m w c 1 - exp (- (JT/E)I- -1 *-1/6 1/3 

-' *4/9 4/9 [: 1 - exp (- ~ T / C ) ] ~ / ~  C3D2/'/(13 K4 2 ) 2/3 = 3 . 0 ~ 1 0  m W 

where I 
space-charge l i m i t  8f the extraction mode, in the weak space-charge l imi t  
of the disintegration mode, and i n  the strong space-charge l i m i t  of both 
modes, respectively, and X , r , p are dimensionless parameters specify- 
ing the space-charge effects. We have from Section 3, that, in general, 

(F1), I3 (F ) ,  I* (F*) are the beam current (thrust) i n  the weak 

and the analogous expression for F. It will be recalled that the dimension- 
> > 1 .  less parameter D is of order 1 while C1 - C3 - K4 

f The theory developed i n  Section 3 assume that the charge-to-mass 
ratio is uniform, i. e. , that the efficiency q E P /Z V I 
the actual measured efficiencies are not 1, the data must be smoothed in  
order for comparisons with predicted behavior to be meaningful. 
smoothing is carried out by defining equivalent current, I 
thrust, F as 

is 1. Since 

This 
and equivalent 

eq' 
eq 

I =  
eq 'meas' meas 

where the subscript "meas" denotes measured values. I t  is trivial to verify 
that the equivalent efficiency, q 
smoothed data are thereby cornpafihe wf& the theory. The performance 
mapping data to be discussed i n  this section are all presented in  this 
smoothed, 'I equivalent" form. 

E F 2/2 V rh Ieq I 1 and that the 
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Although there is no reason a priori to expect the data to conform to 
any of the three limiting cases discussed above, it is instructive to consider 
the three possibilities. To this end, Figures 28, 29 ,  and 30 display equi- 
valent collector current, target current and target thrust respectively, a s  
functions of voltage for a rotating speed of 5 x l o 3  rpm and the three total 
mass flow rates of 0 . 5 ,  3 ,  15 x kg/sec. For ease  of interpretation, 

through the three families of current (thrust) data points. It is clear that 
the data follow these power-laws much more closely than a linear law: 
therefore, the conjecture that these data correspond to the weak space- 
charge l imi t  of the extraction mode is untenable. Moreover, the fact that 
the currents increase, rather than decrease,  with increasing m a s s  flow 
rate is counter to the predicted decrease of current with mass flow in the 
strong space-charge l i m i t .  

straight lines corresponding to a V 3 2  (V ) dependence have been &awn 

Further evidence that the system is not operating in the strong space- 
charge l imi t  is presented in Figures 31, 32, and 33 which display equi- 
valent collector current, target current, and target thrust, respectively, a s  
functions of voltage for a total  mass flow rate of 0.5 x kg/sec and 
the three rotating speeds of 1, 5 ,  1 2  x l o 3  rpm. Again straight lines 
corresponding to a V (V2) law have been drawn through the current (thrust) 
data points and, again, these power laws are seen to be a reasonable f i t  
of the data. Moreover, the data exhibit little, i f  any, dependence upon 
rotating speed. Thus the data are consistent with operation in the weak 
space-charge l i m i t  of the disintegration mode, rather than in the strong 
space-charge l i m i t  with its predicted decrease in  current and thrust with 
increasing rotating speed. 
fore to i) rule out operation in either the weak space-charge l i m i t  of the 
extraction mode or the strong space-charge l imi t  and ii) leave open the 
possibility of operation in the weak space-charge l i m i t  of the disintegration 
mode. 

3 

The net effect of Figures 28 through 3 3  is there- 

Since the data are consistent with the predicted voltage dependence 
in  the weak space-charge l i m i t  of the D mode, we now consider the de- 
pendence upon rotating speed and mass flow rate. To this end, Figures 
34 and 35 display equivalent target current and thrust, respectively, a s  
functions of rotating speed for a total mass flow rate of 3 x kg/sec 
and voltages of 24, 30 and 34 kilovolts, Clearly, these data are consistent 
with the predicted independence of current and thrust with rotating speed. 
This independence is further illustrated in Figures 36 and 37 which display 
equivalent target current and thrust as functions of target mass flow rate 
for a voltage of 20 kilovolts and the three rotating speeds of 1, 5 ,  1 2  x l o 3  rpm. 
Moreover, the straight lines which have been drawn through the data to 
display a linear variation with mass flow rate are  clearly consistent with 
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the data.  This linear variation with mass flow rate is a l so  exhibited in 
Figure 38, which displays equivalent target thrust as a function of target 
mass flow rate for a rotating speed of 5 x 10 rpm and the three voltages 
of 2 0 ,  30, and 37 kilovolts. 

Thus the data presented in Figures 28 through 38 exhibit trends with 
i, w , and V which are consistent with operation in the weak space-charge 
l i m i t  of the disintegration mode. It remains to be demonstrated that the 
data are consistent with the values of X , p , and I? required for such 
operation. 
estimate the term [ 1 - exp (- o T/C ) 1 . We shall  underestimate this term 

' by  taking 

3 

In order to estimate values of these parameters, it is necessary 

- - - -  O T  0 a = l o  - a a in microns 
€ w -  w u) in 10 rpm 3 

Figure 39 shows t h e  Raleigh-limit charge-to-mass ratio of Octoil droplets 
as  a function of droplet size.  For the range of charge-to-mass ratios ob- 
tained in these experiments, approximately 10-1 p is a lower bound on 
droplet s ize .  Therefore 

1 
€ w 

> - > 0 . 1  

Consequently, 

Thus the term [ 1 - exp ( - o T / C  ) 
than an order of magnitude during the performance mapping experiments. 
Taking this term to be 1 and assuming operation in the weak space-charge 
l i m i t  of the D modes  permits C3 to be evaluated, since 

is of order 1 and does not vary by more 

3 
I = I3 = 3 . 0  x 10 -12 v3 c3 amp 

-5 
For example, from Figure 30, I = 6 .6  x 10 
fi = 0 . 5  x kg/sec. Thus 

amp for V = 40 kilovolts and 

6 
- 6 . 6  x = 0 . 7 x  10 

3 
c3 - - 1 2  3 

(3 x 10 1 (4) (0.5) 
2 

= 9 0 5  10 
c3 

2 2 
Moreover, since C1 - C3 - K == 10 . Under the 
plausible assumption that B is of order 1, substitution into the expressions 
above gives 

we have C1 = 10 , K 
4'  4 
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x -  -2  . 2 
5.8 V m w  

r -  

v -  

In order for the  
charge l i m i t  of 

6 x 4/9 4/9 
m W 

performance mapping data to correspond to the weak space- 
the disintegration mode, it is necessary that 

- 1  

p < <  1 

It is readily seen that these conditions are  satisfied for a l l  the data points 
in  the performance mapping experiments. 

In summary, then, a series of performance mapping experiments was 
carried out, i n  which A ,  
2.5 respectively, resulting in variations of the space charge 

data obtained thereby exhibit trends with i, 
with operation in  the weak space-charge l i m i t  of the disintegration mode. 
Moreover, a posteriori estimation of the dimensionless parameters appear- 
ing in the general theory permits such operation to be reconciled quanti- 
tatively with the requirements of the theory. 

w , and V were varied by factors of 30 , 1 2 ,  and 
parameters 

and by factors of 3 x 10 4 and 1 0 ,  respectively. The current and thrust 
UJ , V which are consistent 
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7. CONCLUSIONS AND ECOMMENDATIONS 

The test facility with a horizontal beam configuration has  proven 
adequate for the tests of the system with the first acceleration stage. 

The tests run using Octoil and a salt as propellant have provided 
repeatable test data. The low conductivity of Octoil is responsible for 
the yet relatively low charge-to-mass ratio obtained, of the order of 
100 coulombs/kilogram. A liquid of higher conductivity, with a low vapor 
pressure must be found in order to obtain higher values of the charge-to- 
m a s s  ratio. It is to  be noted that the same conclusion is reached by ex- 
perimenters using needles (Ref. 4 ,  page 38) when several needles are 
used in parallel for several hours (a needle is capable of a mass flow equal 
to one hundredth of the lowest mass flow possible with the rotating nozzle). 

The analytical investigation has  defined the characteristics re- 
quired of the ideal propellant, low density, high viscosity, low surface 
tension and high conductivity in  addition to the operating requirement of 
low vapor pressure. The theoretical relationship between the performance 
parameters and the controllable elements fits remarkably well with the 
experimental data. The chemical investigations have uncovered those 
classes of compounds and mixtures which are the mos t  likely to meet the 
desired propellant characteristics. The values of thrust and m a s s  flow 
reached during the experiment were limited by the propellant feed s y s t e m  
and not by any inherent characteristics of the system. 

Improvements in efficiency are  expected to be realized from a more 
steady mass flow. Current measured efficiency is in the range of 60% to 
90% and appears independent of the specific impulse. Future t e s t s  should 
be primarily concerned with variations of the propellant, long duration tests 
and the operation with several stages of acceleration. 
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ABSTRACT' 

A charged colloid generating system adaptable to an  electro- 
s ta t ic  thrustor has  been developed. The liquid forms a thin 
f i l m  inside a rotating nozzle and charged droplets are pulled 
off the edge by an electric field. A test facility has  been 
built instrumented by a thrust measuring balance and a quad- 
rupole mass spectrometer. An analytical investigation has 
been accomplished relating the performance parameters to 
the variables controlled by the operator. Analytical and ex- 
perimental values a re  compared. A chemical investigation 
has been initiated with the aim of finding better propellants. 
The tes t  data is given i n  several charts. 
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